Abstract: Juvenile salmonids in streams typically feed on larger invertebrates than the average size available in the drift. Our objective was to describe the allometry of this size-selective foraging in juvenile Atlantic salmon, Salmo salar of Catamaran Brook, New Brunswick. We compared paired samples of the stomach contents of 46 salmon (age 0+ to 2+; fork length 2.9-14.5 cm) with drift samples collected from their feeding territories. Juvenile salmon fed opportunistically on all major types of invertebrates in the drift, except for water mites (Hydracarina). However, newly emerged salmon fed on smaller prey than the average available in the drift, primarily chironomid larvae, whereas salmon larger than 4.6 cm fed on larger prey than average, primarily dipteran adults and pupae. Larger salmon ate larger prey. Minimum prey length in stomachs was well predicted by gill raker spacing, but mean prey width was only one third of the optimal size and maximum prey width was much less than mouth width. The allometry of prey size appeared to be related primarily to an increase in size-selective foraging with increasing body size, rather than to morphological constraints. Juvenile Atlantic salmon in our study ate smaller prey than similar-sized salmonids in other studies.
Introduction
Stream-dwelling salmonids feed primarily on drift, invertebrates carried by water currents (McNicol et al. 1985; Keeley and Grant 1995 ; but see Tippets and Moyle 1978) . Diet selectivity in salmonid fishes has often been studied by comparing the invertebrates found in stomach samples with those found in drift samples. Such studies have shown that stream-dwelling salmonids feed opportunistically on a wide variety of prey types; there is usually a positive correlation between the proportions of invertebrates in the diet and in the drift (Allen 1941; Allan 1981 Allan , 1995 Angradi and Griffith 1990) . However, residual variation about this relationship is usually related to invertebrate size such that large invertebrates are usually over-represented in the diet, whereas small invertebrates are under-represented (Allan 1981) .
The diet of fishes often change continuously with body size (Werner and Gilliam 1984) . The few allometric studies of diet in stream-dwelling salmonids have documented an increase in prey size with body size (Fahy 1980; Rose 1986 ), perhaps because they become increasingly size selective as they grow larger (Newman and Waters 1984; Grant and Noakes 1986) . However, no study has yet described how diet selectivity changes continuously with changes in body size.
Functional reasons for changes in diet and (or) selectivity with body size have been linked to morphological constraints and to feeding energetics. Minimum prey length is thought to be limited by gill raker spacing (Wań kowski 1979; Dunbrack and Dill 1983) , whereas maximum prey width is thought to be limited by mouth width (Wań kowski 1979) . Both gill raker spacing and mouth size increase with body size (Wań kowski 1979) . Within the range of prey sizes set by morphological constraints, fishes are expected to select prey to maximize their energetic gain per unit time (Werner and Hall 1974) . Because larger fishes can handle prey of a given size more quickly than smaller fishes, optimal prey size is expected to increase with body size (Wań kowski 1979; Bannon and Ringler 1986) .
Although the diet of juvenile Atlantic salmon has been extensively studied (Allen 1941; Egglishaw 1967; Lillehammer 1973; Wań kowski 1979; Williams 1981; Thonney and Gibson 1989; Cunjak 1992) , no study has yet described the allometry of diet for a wide range of body sizes. We collected drift samples and stomach samples of juvenile salmon, 2.9-14.5 cm long, to describe the allometry of diet and diet selectivity. In addition, we determined whether changes in diet with body size could be best explained by morphological constraints or by models of optimal prey size.
Materials and methods

Study site and species
Data were collected from 15 June to 1 September 1992 at Catamaran Brook, a third-order tributary of the Little Southwest Miramichi River (46°52.7′N, 66°06.0′W) in central New Brunswick. We captured fish in the lower 2 km of the brook and in a 1-km section, 5 km upstream from the mouth of the brook. Adult Atlantic salmon return to spawn in the stream from mid-October to mid-November each fall. Youngof-the-year salmon emerge by mid-June at about 2.6 cm in length (Randall 1982) and remain in the stream until they are 2-3 years of age or 12 cm in length (Cunjak et al. 1993) . A more detailed description of the stream and its biota can be found in Cunjak et al. (1990 Cunjak et al. ( , 1993 .
We collected 46 juvenile Atlantic salmon that we had individually observed as part of a study on territoriality (see Keeley and Grant 1995) . The fish were captured by angling or by using two aquarium dipnets immediately following our observations, all of which were between 09:00 and 16:00. After observing an individual fish, we weighed (±0.05 g), measured fork length to the nearest 0.5 mm, and preserved it in 10% buffered formalin. We collected 26, 12, and 8 salmon of age 0+ (fork length 2.9-5.1 cm), 1+ (6.3-9.5 cm), and 2+ (10.3-14.5 cm), respectively (see Keeley and Grant 1995) .
We later used a dissecting microscope, fitted with an ocular micrometer, to identify, count, and measure intact prey items in the esophogus and stomach. Prey items were identified to the order or family level using keys in Merritt and Cummins (1984) or Pennak (1978) . Maximum prey length and width (±0.01 mm) were measured for each prey item.
Environmental variables
Within 1.5 h of capturing an individual fish, we sampled food availability on its territory. Because almost 99% of foraging attempts are directed towards items drifting within the water column (Keeley and Grant 1995) , we sampled food with a drift net (15.2 cm wide × 23 cm high × 100 cm long, mesh size 300 µm) for 1 h. The mouth of the drift net was constructed with a rectangular metal collar, that was 12.5 cm deep, to maintain a laminar flow at the mouth of the net and to prevent back-washing (see Field-Dodgson 1985) .
Each drift sample was transferred to a holding jar for sorting that evening or the next morning. Inedible material, such as decomposing leaves and insect exuviae, was removed from the sample before preservation in 10% buffered formalin. Animals in the drift were identified and measured in the same manner as described for stomach contents. We then dried each sample in an oven at 50°C for 24 h before moving them to a desiccator for an additional 24 h. The dry mass of each sample was determined at 24 h intervals until a stable mass (±0.0002 g) was obtained.
Using a Marsh-McBirney meter, we measured current velocity at each fish's primary holding station (see Keeley and Grant 1995) Bain et al. (1985) . Length of fish occupying the territory in which the drift sample was taken. location where the fish normally held its snout. Substrate size was measured by placing two metre sticks parallel and perpendicular to the current, centred on the territory of each fish. We estimated the dominant substrate type (1: < 2 mm; 2: 2-16 mm; 3: 17-64 mm; 4: 65-256 mm; 5: >256 mm in diameter) at 10-cm intervals (after Bain et al. 1985) . The intervals were averaged to estimate substrate size for each territory.
Analyses
We used Spearman's rank correlation when data did not meet the assumptions required for parametric analyses. Otherwise, simple or partial parametric correlations were Pearson product-moment correlations. Predictive regressions were calculated using the ordinary least squares technique with log10 transformed data for body size measurements because allometric relationships are usually lognormally distributed (Harvey 1982) . We also used log 10 -transformed data for current velocity and depth measurements because these variables also appear to be lognormally distributed. For some comparisons, we replotted arithmetic relationships from the literature on a logarithmic scale. We estimated two morphological constraints that might limit the size range of prey that salmon can eat: gill raker spacing (mm) = 0.115 × fork length (cm), and mouth width (mm) = 1.05 × fork length (cm); both allometric relationships were measured by Wań kowski (1979) . In addition, we estimated optimal prey size in two ways. First, we used Wań kowski's (1979) estimate of the prey width that maximized growth rate of Atlantic salmon: prey width (mm) = 0.26 × fork length (cm). Second, we used Bannon and Ringler's (1986) estimates of optimal prey width (0.32 × mouth width) and length (1.2 × mouth width) that maximized energy gained per handling time for brown trout (Salmo trutta). To compare optimal prey size predicted by Bannon and Ringler's model as a function of fish length, we used Wań kowski's relationship for mouth width versus fork length to translate Bannon and Ringler's (1986) prediction as a function of fork length. Over our size range of fish, we calculated an optimum prey width (mm) of 0.31 × fork length (cm) and an optimum prey length (mm) of 1.15 × fork length (cm).
Results
Environmental correlates of invertebrate drift
A total of 5210 organisms were captured in the 46 1-h drift )). Open circles represent rank correlations that are significant (P < 0.05) whereas closed circles represent rank correlations that are not significant (P > 0.05).
samples. The number of organisms in drift samples (108.5 ± 85.4 (mean ± SD), range 5-342) was positively correlated with increasing current velocity, water depth, and substrate size and negatively correlated with day of the year (Table 1) . A partial correlation analysis indicated that drift abundance increased with increasing current velocity and water depth but decreased with day of the year (Table 1) . Substrate size and the size of the juvenile salmon occupying the site sampled were not significant predictors of drift abundance after statistically controlling for the effect of other variables. The multiple regression model that best describes drift abundance is as follows: number of invertebrates (log 10 number⋅m -2 ⋅h -1 ) = 4.43 + 0.59 log 10 current velocity (cm⋅s -1 ) + 0.58 log 10 water depth (cm) -0.012 day of year (r 2 = 0.66, P < 0.001). The results of the partial correlation analysis were very similar when we used dry mass of drift samples as the dependent variable. The multiple regression that best describes dry mass of drift samples is as follows: dry mass (log 10 mg⋅m -2 ⋅h -1 ) = 3.67 + 0.56 log 10 current velocity (cm⋅s -1 ) + 0.41 log 10 water depth (cm) -0.014 day of the year (r 2 = 0.63, P < 0.001).
Despite a wide size range of invertebrates in the drift (width 0.39 ± 0.11 mm, range 0.04-5.58 mm), none of the environmental variables was significantly correlated to the average width of prey in the drift samples (Table 1) .
Environmental correlates of diet
A total of 1287 intact organisms were identified in the 46 stomach samples. The number of prey items found in the stomachs of individual fish (27.9 ± 22.9, range 3-134) was weakly related to day of the year and not significantly related to any environmental variable in a partial correlation analysis ( Table 2) .
The average width of prey items in stomach samples was positively correlated with current velocity, water depth, substrate size, and fish length (Table 2) . However, larger fish use deeper, faster areas of the stream that have substrates of larger size (Keeley and Grant 1995) . Hence, in a partial correlation analysis, only fish size was significantly related to mean prey size in stomachs ( Table 2) .
The average, maximum, and minimum size of prey in stomach samples increased with fish size (Table 3 ). All measures of prey size increased significantly with fish size except for minimum prey length (Table 3) . Hence, we used prey width as our measure of prey size in subsequent analyses.
Comparison of drift versus diet
Invertebrates found in both the drift and stomach samples were dominated by a few taxa (Figs. 1a and 1b) . Larval chironomids and dipteran pupae and adults were the two most abundant taxa in both sample types. The most notable difference between the two sets of samples was the proportion of water mites (Hydracarina); they composed 14.9% of the drift samples but only 0.4% of the stomach samples.
The proportion of prey types found in the combined sample of 46 stomachs was positively correlated with their availability in the combined drift samples, whether we divided the invertebrates into taxonomic categories (r s = 0.56, n = 31, P <0.01) or into 0.1-mm width categories (r s = 0.70, n = 20, P <0.01). However, because rare taxa may greatly influence the strength of such a relationship (Angradi and Griffith 1990) , we repeated the analysis including only those taxa that composed at least 1% of the diet or the drift. Once again, the proportion of prey in the diet was positively correlated with the proportion of prey in the drift (taxonomic categories: r s = 0.64, n = 17, P < 0.01; width categories: r s = 0.78, n = 16, P < 0.01).
A comparison of the diet versus the drift for each fish suggests that diet selectivity was influenced by body size of the fish. The correlation between the proportion of invertebrates by taxa in the drift sample and the stomach sample was positive in all 46 cases and significantly positive in 36 cases (Fig. 2a) . The strength of this positive correlation initially increased with increasing fish body size and then decreased for the largest fish (Fig. 2a) . These changes in selectivity with body size were even stronger when the data were analyzed by body width category of invertebrate. There was a significant positive correlation between the proportion of invertebrates in the drift and diet in 30 of the 46 fish (Fig. 2b) . Once again, the strength of this positive correlation initially increased with increasing body size and then decreased; the correlation was negative for fish larger than 10 cm in length and significantly negative for one fish. In summary, the smallest age 0+ fish and the largest age 2+ fish appeared to be the most selective foragers with respect to taxonomic category or size of invertebrate in their stomachs.
Overall, fish ate larger invertebrates than were found in drift samples (paired t = 3.17, n = 46, P = 0.003). However, the degree of size selectivity was a function of the size of the fish. Small fish preyed selectively on small invertebrates whereas large fish preyed selectively on large invertebrates (Fig. 3) . The difference between mean invertebrate width in the diet and drift increased with increasing body size (width difference (mm) = 0.113 fork length (cm) -0.516, n = 46, r 2 = 0.57, P <0.001). The switch from negative size selectivity to positive size selectivity occurred at a body length of 4.6 cm.
The degree of size selectivity was also related to prey type. Overall, the size of chironomid larvae in the diet and the drift did not differ significantly (paired t = -0.32, n = 41, P = 0.75; Fig. 4a) . However, the proportion of chironomids in the diet Table 3 ) and in drift samples within the territory of that fish (open circles and broken line; log 10 width (mm) = -0.042 log 10 fork length (cm) -0.39, r 2 = 0.008, P = 0.54) versus fork length for 46 juvenile Atlantic salmon.
decreased with increasing body size of fish (r = -0.75, P < 0.0001; Fig. 5 ), perhaps because chironomids were relatively small prey (Fig. 4) . In contrast, the size of items in stomachs were larger than those in the drift for dipteran adults and pupae (paired t = 4.07, n = 41, P = 0.0002; Fig. 4b ), ephemeropterans (paired t = 6.14, n = 25, P = 0.0001; Fig. 4c ) and trichopterans (paired t = 5.45, n = 19, P = 0.0001; Fig. 4d ). The proportion of dipterans in the diet increased with body size (r = 0.52, P = 0.0002), whereas the proportion of ephemeropterans (r = 0.16, P = 0.29) and trichopterans (r = 0.26, P = 0.08) in the diet did not change significantly with body size (Fig. 5) .
Constraints on size selectivity
The range of prey size in stomachs increased with increasing body size (Figs. 6a and 6b) , such that the difference between maximum and minimum prey size increased with fish length for both prey width (r = 0.76, n = 46, P < 0.001) or prey length (r = 0.68, n = 46, P < 0.001). Age 0+ salmon (i.e., ≤5.1 cm) ate most sizes of invertebrates that were available in the drift. They did not eat the largest or the smallest 5% of invertebrates. Fish longer than 10 cm ate the very largest invertebrates that were available but avoided small prey, primarily small chironomid larvae.
The optimal prey width predicted by Wań kowski (1979) and by Bannon and Ringler (1986) were about three times larger than the mean prey size in stomachs (Fig. 6a) . The predicted optimal prey widths were similar to the observed maximum prey widths in stomach samples. The invertebrates available in the drift were much smaller than the mouth width of Atlantic salmon (Fig. 6a) . Minimum prey length corresponded closely with gill raker spacing of Atlantic salmon (Fig. 6b) .
Discussion
The abundance and dry mass of organisms in the drift increased with current velocity and decreased with day of the year. As in our study, current velocity is usually the best predictor of the abundance of drift flowing through a cross-sectional area of stream (Elliott 1970; Everest and Chapman 1972; Wań kowski and Thorpe 1979; Smith and Li 1983; Grant and Noakes 1987) . Seasonal declines in the abundance of drift, primarily due to the emergence of adult insects, are also common in other studies (Brittain and Eikeland 1988 ; but see Grant and Noakes 1987) . The size of organisms in the drift was unrelated to any environmental variable we measured; Grant and Noakes (1987) found a similar result.
Larger fish ate larger prey in our study, as in many earlier , and maximum (triangles) prey widths in relation to the fork length of 46 juvenile Atlantic salmon. The dashed-dotted line represents the maximum prey widths predicted by mouth dimensions (Wań kowski 1979) and the dashed and short-dashed lines represent the optimal prey widths predicted by Bannon and Ringler (1986) and Wań kowski (1979), respectively. The shaded horizontal band represents the range of invertebrate widths found in 46 drift samples, excluding the uppermost 5% of maximum and the lowermost 5% of minimum invertebrate widths. (b) Minimum (circles), mean (solid line), and maximum (triangles) prey lengths in relation to the fork length of 46 juvenile Atlantic salmon. The dashed line represents the optimal prey lengths predicted by Bannon and Ringler (1986) and the dashed-dotted line represents the minimum prey length predicted by gill raker spacing (Wań kowski 1979). The shaded horizontal band is as in (a) for invertebrate lengths.
studies (Metz 1974; Newman and Waters 1984; Grant and Noakes 1986) . Juvenile Atlantic salmon in Catamaran Brook primarily ate chironomid larvae, dipteran pupae and adults, and ephemeropteran and trichopteran larvae. These types of prey have also been reported in previous diet studies of juvenile Atlantic salmon (Allen 1941; Egglishaw 1967; Lillehammer 1973; Williams 1981; Thonney and Gibson 1989; Cunjak 1992 ).
Juvenile Atlantic salmon in Catamaran Brook fed opportunistically on all major types of invertebrates in the drift except for water mites. The similarity between the components of the drift and diet in our study has been noted in other studies of stream-dwelling salmonids (Table 4) . Of the 22 correlation coefficients in Table 4 , 19 were positive, and 12 were significantly so. In the three cases with negative correlations, the most abundant items in the drift, either water mites or ostracods, Can. J. Fish. Aquat. Sci. Vol. 54, 1997 were rarely eaten (Dunbrack 1992; Grant and Noakes 1986) . Other studies of Atlantic salmon (Egglishaw 1967) and coho salmon, Oncorhynchus kisutch (Dunbrack 1992) have also noted that water mites are not eaten. Water mites are often brightly coloured and may be unpalatable for fish (Kerfoot et al. 1980; Kerfoot 1982; but see Allan 1981) . Minimum, mean, and maximum prey size all increased with increasing body size of Atlantic salmon. However, the smallest and largest juveniles appeared to be the most selective foragers. Newly emerged young-of-the-year ate smaller prey than available in the drift, primarily small chironomid larvae, whereas large parr ate larger prey than available in the drift, primarily large dipteran pupae and adults.
Prey size selectivity in juvenile salmonids has often been linked to morphological constraints and to optimal prey size. Gill raker spacing was a good predictor of minimum prey length, supporting the hypothesis that morphological constraints set the lower limit of prey size ingested (Wań kowski 1979; Dunbrack and Dill 1983) . Even if swallowed, age 2+ salmon may have been unable to retain small chironomids on their gill rakers. In contrast, the increase in mean prey size with body size probably had little to do with mouth size. Even newly emerged salmon should have been able to ingest about 95% of the available drift.
Feeding energetics may explain the increase in mean and maximum prey size with body size. Large prey contain more energy (Smock 1980 ) but take longer to handle (Bannon and Ringler 1986 ) than small prey. Salmon became increasingly size selective with body size, perhaps to maximize their net rate of energy gain. Despite this size-selective foraging, mean prey size in stomachs was much smaller than the optimum predicted by Wań kowski (1979) or Bannon and Ringler (1986) . However, newly emerged parr appeared to prefer smaller prey than their predicted optimum. This discrepancy may result because the predicted optimal prey sizes are based on handling times for commercial pelleted food (Wań kowski 1979) and for crickets, Acheta domestica (Bannon and Ringler 1986) . A resolution of this apparent discrepancy may require measuring the profitability (i.e., energy ingested per unit time) for each prey type and size in the drift.
Prey size versus body size relationships have been reported in three other studies of stream-dwelling salmonids. To compare these relationships, we replotted all four on a logarithmic scale; however, the original or arithmetic equations from Fahy (1980) and Rose (1986) are presented in the figure caption (Fig. 7) . The allometric slopes for a combined brook trout (Salvelinus fontinalis) and rainbow trout (Oncorhynchus mykiss) regression (Rose 1986 ) and for a brown trout regression (Fahy 1980) were greater than the slope for Atlantic salmon (t = -4.95, P < 0.05, and t = -2.43, P < 0.05; for brook-rainbow trout regression and brown trout regression, respectively). However, the allometric slopes for Atlantic salmon and brook trout (J.W.A. Grant, unpublished data) regressions did not differ (ANCOVA, F 1,119 = 3.35, P = 0.07). It was also clear that the Atlantic salmon in our study ate smaller prey than similarsized fish in the other studies. For example, the elevation of the brook trout regression was higher than the Atlantic salmon line (ANCOVA, F 1,119 = 10.38, P = 0.0016). In addition, 45 of our 46 data points were below the brown trout regression (binomial test, P < 0.0001) and all 46 data points were below the brook-rainbow trout regression (binomial test, P < 0.0001).
The small size of the prey eaten by Atlantic salmon may be related to the fish's morphology or to the size distribution of invertebrates available in Catamaran Brook. Atlantic salmon parr have a smaller head, and perhaps a smaller gape, than brook, brown, or rainbow trout (Scott and Scott 1988) . In addition, Atlantic salmon have more gill rakers than brown trout of a similar size (Hessen et al. 1988) . Therefore, it is conceivable that Atlantic salmon may be limited by their morphology to eating smaller prey than the other species. However, three observations suggest that prey availability is a better explanation than morphological constraints for differences among the allometric relationships. First, based on mouth size (Wań kowski and Thorpe 1979), Atlantic salmon parr should have been able to eat the size of prey reported in Rose's (1986) study. Second, the marked differences between the two brook trout populations suggest environmental differences, such as the size of available prey. Third, the prey in Rose's (1986) study were not only larger but were taxonomically different from the prey in our study. For example, mayfly and stonefly nymphs composed a much larger proportion of the diet in his study than in our's. Given the opportunistic nature of salmonid foraging (Table 4) , it seems likely that the size distribution of the drift in Rose's study was also larger than in our study.
In summary, juvenile Atlantic salmon were selective foragers, even though their diet resembled the taxonomic composition of the drift. Because of the small size of prey available, their diet was more likely constrained by gill raker spacing than by mouth size. The increasing size selectivity with increasing body size was likely due to salmon attempting to maximize their growth rate on prey of a relatively small size.
